ABSTRACT Charge motion accom-electrodes on either side of MbCO Beyond 10 ms, the time development panying the dissociation and recombi-crystals of type A is consistent with the of the electrical signal is consistent with nation of carbon monoxide to oriented x-ray data showing that the doubly the kinetics observed optically after myoglobin crystals has been observed. charged iron ion lies in the mean heme flash photolysis on the same crystals. The magnitude of the electrical signals plane when a ligand is bound and detected after photodissociation by moves out of the plane when deligated.
INTRODUCTION
The activity of many enzymes and proteins is accompanied by charge motion. In heme proteins such as ferrous (Fe"2) myoglobin (Mb), the charge motion is easily described. The active center of Mb is formed by a heme group with a central iron ion (Fe). The Fe ion has six coordination sites. Four sites are covalently bound to nitrogens of the porphyrin. The fifth site is bound to the distal histidine, residue F7. To the sixth site of the Fe ion, ligands such as 02 and CO can bind reversibly. In the ferrous state, the Fe ion is nominally doubly charged, +2e. Charge neutrality of the protein is maintained by the porphyrin ring which carries a charge of -2e. When carbon monoxide (CO) is bound to the Fe, it lies in the mean heme plane. Upon deligation, the Fe moves -40 pm out of the mean heme plane (1) (2) (3) (4) within 350 fs (5) . When the proteins are oriented, a net polarization current results from the motion of the Fe ion during the process of ligation and deligation. By placing electrodes across oriented proteins, polarization currents can be detected (6, 7) . Here we report the direct observation of electrical signals resulting from charge motion in oriented carbonmonoxy-myoglobin (MbCO) crystals.
We measure the voltage developed across MbCO crystals as a function of time after photodissociation, using the technique of protein electric response signals (PERS) (6) . The PERS measurements demonstrate that a net polarization does accompany the dissociation and binding of CO to Mb+2 at pH -6.5. Rebinding was also monitored optically. The optical measurements show that for times longer than 10 (8) . Viewed macroscopically, the crystals are flattened foursided prisms. The b-axis is along the long axis of the crystal, the a-axis is the width, and the c-axis essentially the depth of the crystal. Within each unit cell there are two protein molecules. The two hemes are related to one another by a 1800 rotation about the b-axis followed by a translation of one half the unit cell length, b (1.54 nm) (Fig. 1) . The plane of each heme is essentially perpendicular to the a-b plane, with angles of + 1 120
and -1 120, respectively, to the b-axis.
The crystals were kept in a mother liquor of 75% saturated ammonium sulfate buffered with 0.1 M potassium phosphate to pH -6.5. The reduction of the crystals proceeded as follows. (a) Place the crystals and mother liquor in a gas exchange bulb, exchange the gas above the crystals with N2 gas, and allow the gas to mix for 24 (6) as shown in Fig. 2 . The elements should be compared with the actual physical setup (Fig.  3) . Re is the effective resistance between the crystal and the platinum electrode. The capacitance between the crystal and the electrodes does not change the analysis Fig. 4 d. Rotation of the crystal by 1800 about the c* axis resulted in a signal of the same magnitude but opposite polarity (Fig. 4 a) . Rotation of the crystal by 900 about the same axis (4iaS aligned along the a-axis) left only electrical noise (Fig. 4 b) .
Note that the absence of a clear PERS signal for the 900 orientation is not due to the lack of photolysis. Assuming that the protein absorption dipole moment is in the heme plane, the extinction coefficient for EiM polar- Charge Motion in MbCO Crystals polarized along the b-axis (>2 OD for 0.1 mm) the decrease in extinction coefficient for light polarized along the a-axis (Fig. 1) would result in an increase in flashoff (-50% greater).
The absorption of 10 mJ of energy by such an optically concentrated sample surely results in some heating. To rule out piezoelectric or pyroelectric effects, a control was performed using met Mb crystals, Fe"3. With the crystal b-axis and Sas aligned along the electrodes only the electrical ringing similar to that seen for MbCO at a 900 orientation was registered, (Fig. 4 c) . Thus, the PERS signals shown in Fig. 4, a, d , and e, are a result of delegation and subsequent ligation of Mb with CO rather than piezoelectric or pyroelectric effects.
The positive voltage spike seen in Fig. 4 d is assigned to the iron moving out of the main heme plane after photodissociation. Using Eq. 1 with A = 5. Fig. 4 d. When ligands recombine, the ion will move back into the heme plane, resulting in a current of opposite sign to that of the out-of-plane motion. Fig. 4, a and b , clearly shows a current of opposite sign to the out-of-plane motion with a time course of -3 ,s. Fig.  4 e shows the longer time PERS signal, registering beyond 50,us.
As a companion, recombination was monitored optically as a function of laser intensity. Due to the close proximity of the photolysis, 590 nm, and the monitoring, 632.8 nm, only laser beam data beyond 10 ,us could be measured. Assuming two states for each protein, ligated vs. unligated, the change in absorbance, AA(t), is proportional to the number of unbound ligands, n(t). In this paper, AA(t) was fit with a bimolecular reaction model. Assuming the product of the second order rate coefficient, kbm, the CO concentration in the solution, [CO] . (-1 mM [10] ) multiplied by the time after photolysis t, is small (kbm[C0104.0 x 10-4 s 0.3), the exact bimolecular reaction reduces to a power law:
where N(t)bm is the number of unligated proteins, No is the protein concentration (-48 mM; reference 8) Though the extraction of accurate physical parameters from the data is a difficult task, several steps might improve the situation. Firstly, the magnitude of the signals can be greatly enhanced if the shunt resistance, RSh, is increased. In our case, we had a dissipation time of -20 ns, whereas the charge motion occurred with rates from 1 us to 10 ms. In this case, the short dissipation times decreased the signal amplitudes by two to six orders of magnitude. In some instances, such as membrane proteins, Rsh is naturally much larger (6). Many biological substances, though, form crystals only in highly conductive salt solutions, but once they are formed they can be washed clean and transferred to a less conductive solvent.
Another difficulty in these experiments is that the internal resistances are unknown. Consequently, the extraction of the dipole moment, p, remains uncertain. By choosing a laser pulse time that is much faster than Td, the value of Td can be measured kinetically as the decay of the charge-buildup signal. Furthermore, by varying C, and R,, one can hope to make accurate measurements of Cd and Td, and therefore also of p. A direct consequence of the necessity of using oriented samples for PERS measurements is that the absorption of polarized light by the samples is strongly dependent on orientation. To obtain quantitative results, it is necessary to use polarized light and to know the angular dependence of the cross-section. For Mb crystals, type A, the ratio of cross-sections at 590 nm, along the a-and b-axes, is at least 15:1 (14) . By rotating the photolyzing laser polarization from the b-to the a-axis, the magnitude of the fraction of proteins flashed off is changed dramatically. For bimolecular reactions, this can change the recombination times significantly. Furthermore, if the monitoring beam is unpolarized, then the optical signals can be greatly distorted from simple Beer's law absorption. Therefore, great care must be taken to measure and record the orientations of the crystal, the photolyzing light, and the monitoring light.
